Introduction 1
The intensity of a hurricane is affected by two competing physical processes at the air-sea 2 interface: the heat and moisture fluxes that fuel the storm and the surface friction (or momentum 3 flux into the ocean) that dissipates the storm. Using an idealized axisymmetric tropical cyclone 4 (TC) model Emanuel (1995) has demonstrated the sensitivity of TC intensity to the surface 5 exchange coefficients of the enthalpy and momentum fluxes. However, the enthalpy and 6 momentum exchange coefficients under the high-wind conditions are difficult to determine, 7 especially in the eyewall region of a hurricane, where very few observations of a coherent sea-8 state and boundary layers across the air-sea interface exist. Under the high wind conditions the 9 stress is supported partly (~ 50%) by waves in the wavelength range of 0.1-10 m, which are 10 unresolved by present wave models. Another unique feature is the swirling winds in hurricanes 11
can induce complex wave fields that may result wave-induced stress misaligned with the winds. 12 The rapid increase in computer power and recent advances in technology in observations have 13 made it possible for us to develop a new generation of high-resolution, coupled atmosphere-14 wave-ocean hurricane prediction models that are capable of representing the complex sea states 15 with explicit coupling to ocean surface waves in high-wind conditions (Sullivan and McWilliams 16 2010) . We begin by developing and examining key parameterizations including effects of the 17 directional wave spectra and wave spectral tail on drag coefficient and storm structure and 18 intensity at 1-2 km grid resolution. 19 Hurricanes rarely reach their maximum potential intensity (MPI) (Emanuel 1986 (Emanuel , 1995 20 Holland 1997). Many factors prevent storms from reaching their MPI including: environmental 21 vertical wind shear, distribution of tropospheric water vapor, hurricane internal dynamics, and 22 air-sea interactions. The effect of the air-sea interactions (especially the wind-wave coupling 23 under extreme high-wind conditions) on hurricane structure and intensity change was the focus 1 of the CBLAST-Hurricane program (e.g., Black et al. 2007 , Chen et al. 2007) . 2 Intensification of a hurricane depends also on two competing processes at the air-sea 3 interface − the heat and moisture fluxes that fuel the storm and dissipation of kinetic energy to 4 the ocean surface. Emanuel (1995) proposed that the storm intensity is largely controlled by the 5 ratio of the air-sea enthalpy and momentum flux exchange coefficients, C K /C D . Using a simple 6 axisymmetric model with idealized environmental conditions, Emanuel (1995) showed that this 7 ratio needs to be equal or greater than one for hurricanes to intensify. As shown in many studies, 8 although C D is largely sea-state dependent (e.g., Toba et al. 1990 ; Donelan et al. 1993) , C K has 9 relatively little sensitivity to sea-state (e.g., Geernaert et al. 1987 , Jeong et al. 2012 ). Laboratory 10 experiments conducted at hurricane wind speeds have shown that C D reaches a saturation point at 11
high-wind speeds greater than about 33 m s -1 when flow separation from the dominant waves 12 begins to occur (Donelan et al. 2004 ), similar to that estimated from the GPS dropsonde data 13 (Powell 2003) . C K, however, remains relatively constant as wind speed increases (Jeong et 14 al.,2012) . Airborne turbulence flux measurements from the CBLAST-Hurricane also support 15 these laboratory results, indicating that C K /C D is at about 0.4-0.7, less than that predicted by 16 Emanuel (1995) The surface waves and wave-stress in hurricanes are most complex. Two main issues are 13 particularly important in hurricane conditions, which have not been addressed in a fully coupled 14 atmosphere-wave-ocean model. First, the swirling winds in tropical cyclones are highly variable; 15 not only the wind speed varies anywhere from nearly zero to more than 70 m s -1 in a major 16 hurricane, but also the direction of winds varies tremendously. Second, the stress vector is not 17 necessarily in the same direction as the local wind vector. The surface condition is mostly of the 18 mixed wave-swell sea in high winds. The wave-stress can be at a different direction than that of 19 at 180 o of the fast swirling winds as assumed in most previous studies treating wave-stress as a 20 scalar roughness parameter (e.g., Janssen 1991; Doyle 1995 Doyle , 2002 Bao et al. 2000) . Second, the 21 wave-induced stress contributes most of the total stress in high wind conditions (e.g., Donelan 22 1990 ). Existing third generation wave prediction models are unable to fully represent this process 23 as their high wavenumber cut-off is typically about 0.63 m -1 or 10 m wavelength, while most of 1 the stress is supported by shorter waves. In WW3, the cut-off frequency is set to be 3f pi . f pi is 2 the peak frequency of the wind-sea as defined in Tolman and Chalikov (1996) . In this study, a 3 new wind-wave coupling method is developed to compute the directional wave stress (or form 4 drag) using the 2-dimensional wave spectra from WW3 with an appended spectral tail that is 5 based on a direct balance of wind input and dissipation. The short waves in the spectra are 6 assumed to be traveling symmetrically about the wind direction. The wave stress vectors include 7 contributions from both the long and short waves. 8
In the fully coupled atmosphere-wave-ocean model, the tendencies of the surface wind 9 affected by the sea surface friction is computed as u τ = and v τ = , where τ x and τ y are the total (wave + skin) stress components. τ wx and τ wy are components of the stress 11 vector due to the waves (or "form drag") that are computed from the integral of momentum input 12 to the spectrum: 13
Where F(k, θ) is the energy spectrum of wavenumber, k, and direction, θ; is the 16 dimensionless growth rate of waves with wavenumber k. 17
where U is the wind speed at the height of the 1/2 wavelength, 2 from the WW3 and a short wave spectrum (F sw ) that is unresolved by WW3. The spectrum of 16 short waves from a fit to the tail of long waves is given below: 17
where α and n values are determined based on the wave breaking processes observed from 19 gravity wave spectra (Donelan and Pierson 1987) . The viscosity is given as a function of 20 temperature. The effect of breaking waves is implicit in this approach. More extensive 1 discussions on breaking waves can be found in Kudryavtsev and Makin (2001) and Kukulka and 2 Hara (2008) . Makin (2005) emphasized that the effect of breaking waves on wave-induced 3 stress is particularly important in high-wind conditions. 4
The skin stress (τ s ) is computed from the smooth law of the wall (Monin and Yaglom 5 1971) and taken to be in the direction of the wind. The total stress vector is the sum of the wave 6 (form) stress vector from Eq. (2)-(3) and the skin stress: 7 that is the closest to the best track in terms of timing, whereas UA and AO are 3-6 h slower than 19 the best track (Fig. 3) . 20
The model simulated storm intensities ( The storm-induced surface wave field is asymmetric around a hurricane as shown in 22
observations (e.g., Wright et al. 2001 ). This is clearly evident in the AWO model simulated 23 significant wave height (SWH) and wavelength in Frances (Fig. 5) . The highest surface waves, 1 as measured by SWH, are usually observed in the right and front-right of the hurricane (Fig. 5a) , 2 similar to that in Bonnie (Wright et al. 2001) . Frances is heading west-northwest at 1200 UTC on 3 31 August 2004. In a moving storm, the surface waves to the right of the storm center tend to 4 grow into long and high waves because of the relatively long fetch compared to those to the left 5 side of the storm (Fig. 5b) . In contrast, the wind and the dominant waves are not aligned locally 6 as shown in the directional wave spectra in Fig. 6 , especially in the front-left where the wind and ). In the rear-left quadrant of the hurricane, the directional wave spectrum is most complex 12 with multiple spectrum peaks in both down-wind and cross-wind directions. The dominant 13 wavelength is shorter than in the front-right quadrant (Fig. 6) . (Fig. 7) . The mean wind-sea vectors are to the right (outward from the storm 1 center) of the wind vectors. The stress vectors are in between the wind and the wind-sea. 2
The relatively large difference between the wind and stress vectors in the front-left 3 quadrant can result in a significant cross-wind stress. The directional difference between the 4 wind and stress can be as large as 25 degree, mostly positive on the right side of the storm and 5 negative in the front-left quadrant (Fig. 8a) . The fraction (percent) of the total wave stress in the 6 cross-wind direction is shown in Fig. 8b . The maximum value of the cross-wind stress is close 7 to 25% of the total wave stress, which can also be thought of as a reduction to the stress along 8 the wind direction. 9
It is clear that the characteristics of the winds and waves vary significantly in different 10 locations around the storm. The contributions to the wave stress by various wavelengths are 11
shown in a detailed analysis of distribution of the wave energy spectrum as a function of 12 wavenumber. Figures 9 and 10 show two examples from the front-right and front-left of the 13 storm as indicated in Fig. 8 by A and B, respectively. There is significant spatial variability 14 around the hurricane. The very long waves (swell) are mostly in the front of the moving 15 hurricane (Fig. 6) and propagate in the direction of the storm motion as expected (Figs. 9a and  16 10a). They are in about the same direction as the wind in the front-right of the hurricane, 17 whereas almost directly against the wind in the front-left. Both long and short waves contribute 18 to the stress and the wind and the dominant waves are aligned (Fig. 9b) on the left side. In 19 contrast, the long waves near the peak frequency do not contribute the stress when they 20
propagate against the wind. Instead, they are account for almost all of the cross-wind stress, i.e., 21 90 degree off the wind direction (Fig. 10b) . The shorter waves contribute more to the stress in 22 the left side than in the right side of the hurricane. 23 will have an impact on the on the drag coefficient (and momentum flux). As a reminder, the 3 roughness parameters for temperature and moisture (z t and z q ) are computed using the Garrat 4 formulation (Garrat 1992) in uncoupled and coupled model simulations; they are not directly 5 affected by the wind-wave coupling. The enthalpy exchange coefficient is computed from the 6 heat and moisture fluxes from the model. Figure 11 shows the drag coefficient, C D , and enthalpy 7 exchange coefficient, C K , in Hurricane Frances from the uncoupled and fully coupled AWO 8 simulations. There is a significant spatial variability of C D in the hurricane, which is asymmetric 9 around the storms due mostly to the variation in surface waves in the fully coupled AWO ( Fig.  10   11a) ; whereas C D has a similar pattern as the wind speed, which is more symmetric around the 11 storm center, in the uncoupled MM5 simulation (Fig. 11b) . The uncoupled simulation has the 12 largest C D value (a function of wind speed through the Charnock relationship) in the front-right 13 quadrant. In AWO, in contrast, C D is slightly smaller in the front quadrants than the rear 14 quadrants where the wavelength is shorter. It is also noteworthy that C D has a relative minimum 15 in the front-left where the cross-wind stress is the largest (Fig. 8) . 16 The C K from model simulations varies only slightly from 1.1-1. August (Fig. 13a) . The secondary eyewall eventually overtakes over the inner eyewall a day later 6 on 31 August (Fig. 13b) , which may be similar to that of Hurricane Rita (2005) (Fig. 13c) , whereas the uncoupled 11 MM5 and the coupled AO without wind-wave coupling did not (Figs. 13e and g ). However, the 12 model simulated inner eyewall is larger than the observation in all cases as shown in the 13 azimuthally averaged wind speeds (Fig. 14) . The model simulations reproduced the evolution of 14
Hurricane Frances from 30-31 August as the eyewalls evolved into a large and stronger eyewall 15 on 31 August (Figs. 13b, d, f and h ). The observed asymmetry from the north-south direction in 16 the wind field is also captured in the model simulations. The uncoupled model overestimated the 17 winds over a large area at the 3-km level compared to the Doppler radar observations (Fig. 14b) . 18 However, it underestimates the surface wind at the same time (Fig. 4) , which again indicates the 19 problem of unrealistically large surface stresses in the uncoupled model. 20
The surface stress vector can influence not only the surface wind speed but also the wind 21 direction, which may be an important factor contributing to the characteristics of the near surface 22 inflow in hurricanes. Powell (1982) provided one of the most detailed surface wind analyses 23 using surface observations in Hurricane Frederic (1979) over the Gulf of Mexico. The observed 1 surface inflow angle is as large as 45 degrees or greater in the south-east quadrant (Fig. 15a) (1982). The overall azimuthally averaged inflow angle outside of the eyewall is 3-7 degrees 10 larger in AWO than in the uncoupled and AO simulations in Hurricane Frances (Fig. 16) . only the wind speed is improved, but also the inflow angle, which is important for the overall 7 storm evolution and structure. 
